The extracellular matrix (ECM) is a highly dynamic compartment that undergoes remodeling as a result of injury and repair. Over the past decade, mounting evidence in humans and rodents suggest that ECM remodeling is associated with diet-induced insulin resistance in several metabolic tissues. Additionally, integrin receptors for the ECM have also been implicated in the regulation of insulin action. This review will address what is currently known about the ECM, integrins and insulin action in the muscle, liver and adipose tissue. Understanding how ECM remodeling and integrin signaling regulates insulin action may aid in the development of new therapeutic targets for the treatment of insulin resistance and type 2 diabetes. Abstract: 24 The extracellular matrix (ECM) is a highly dynamic compartment that undergoes remodeling as a 25 result of injury and repair. Over the past decade, mounting evidence in humans and rodents suggest 26 that ECM remodeling is associated with diet-induced insulin resistance in several metabolic 27 tissues. Additionally, integrin receptors for the ECM have also been implicated in the regulation 28 of insulin action. This review will address what is currently known about the ECM, integrins and 29 insulin action in the muscle, liver and adipose tissue. Understanding how ECM remodeling and 30 integrin signaling regulates insulin action may aid in the development of new therapeutic targets 31 for the treatment of insulin resistance and type 2 diabetes. 32 33 34 3
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The downstream integrin signaling molecule, FAK, has been implicated in the regulation of insulin 137 action in the muscle [32] [33] [34] . FAK tyrosine phosphorylation is decreased in muscle from HF-fed 138 rats [32] . The in vivo siRNA-mediated knockdown of FAK results in hyperglycemia, 139 hyperinsulinemia, impaired glucose tolerance and decreased insulin action in chow-fed mice [34] . 140 The overexpression of FAK in C2C12 mouse myoblasts increases insulin-stimulated glucose 141 uptake [35] . Conversely, C2C12 cells transfected with siRNA against FAK exhibit decreased 142 insulin-stimulated glucose uptake [32] . L6 myocytes transfected with antisense FAK display 143 decreased insulin signaling associated with decreased insulin-stimulated glucose uptake, decreased 144 glycogen synthesis and impaired Glut4 translocation [33] . Collectively, these studies suggest that 145 integrins mediate muscle glucose metabolism via their effects on both vascularization and glucose 146 transport through Glut4. No information exists about the role of ILK in the regulation of muscle glucose homeostasis. Mice 149 with a muscle-specific deletion of ILK have been generated and are viable [36] . Considering the 150 interaction of ILK with several known insulin signaling molecules such as Akt and GSK-3β, it is 151 highly possible that ILK modulates muscle insulin action. Future studies should be designed to 152 determine whether ILK regulates muscle insulin action in the DIO mouse model. ECM remodeling is also reflected by alterations in mechano-signal transduction to the nucleus and 156 mitochondria [37, 38] . This may be a consequence of disturbances in actin and intermediate 157 filament organization and/or the sarcoglycan complex, a junction whereby the myofiber interacts 158 with the ECM. The sarcoglycan complex is critical for both force and mechano-signal transduction 159 to the nucleus and mitochondrion. Disturbances in this complex produce metabolic effects [39] . 160 Mice lacking the sarcoglycan complex in the muscle and adipose tissue demonstrate whole body 161 insulin resistance attributed to impaired insulin-stimulated muscle glucose uptake [39] .
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Additionally, changes in the ECM of insulin resistant human muscle are accompanied by 163 decreased abundance of the key filament organizational proteins, actinin 2 and desmin. It is 164 plausible that these alterations may impair the ability of the muscle to adapt to exercise via 165 compromised mechano-signal transduction to the nucleus or mitochondria that, under normal 166 conditions, would induce gene transcription in response to exercise. In support of the ECM 167 modulating mitochondrial function in the skeletal muscle, there is evidence that alterations in the 168 collagen VI composition of the matrix affect mitochondrial function [37, 38] The specific process whereby ECM remodeling in the liver occurs in the presence of over-nutrition 181 is undefined. However, one prevailing hypothesis is a "two hit" hypothesis [40] . The "first hit" is 182 the accumulation of lipid metabolites. This leads to a series of events including lipotoxicity, 183 oxidative stress, and inflammation that produce a "second hit". The "second hit" promotes tissue 184 injury and the activation of stellate cells. This process is initiated by autocrine and paracrine stimuli 185 including inflammatory cytokines and growth factors such as TGFβ [41] [42] [43] . Increased TGFβ 186 signaling is associated with hepatic collagen synthesis [44] . Once activated, stellate cells deposit 187 ECM proteins in the space of Disse as part of a wound healing response, resulting in changes in 188 the ECM and fibrosis [45] . Although it has been widely proposed that stellate cells are the main 189 contributor to ECM deposition in the liver, it is possible that other cell types are involved [46] . 190 The notion that stellate cells are the main contributor was based on in vitro studies performed in 191 cell culture [47, 48] The Liver ECM and Glucose Metabolism 197 T2D in humans is associated with hepatic ECM remodeling [50, 51] . Patients with T2D exhibit 198 increased staining for collagen type IV, α-SMA and a tendency for increased laminin staining [50] . 199 In a separate study, liver biopsies from diabetic patients showed increased perisinusoidal fibrosis, It is evident that a diet high in fat is associated with insulin resistance and ECM remodeling in the 205 liver. Bonner et al. [29] showed that three weeks of relaxin treatment in HF-fed mice, results in 206 decreased hepatic collagen type III , and a subsequent improvement in hepatic insulin action. In important to note that CD44 can also interact with other ligands, such as osteopontin, collagens 218 and MMPs. Therefore, it is unclear whether the phenotype of mice lacking functional CD44 is due 219 to prevention of hyaluronan or osteopontin or both. Hence, the role of CD44 signaling in diet-220 induced insulin resistance remains unclear, and warrants future investigation. Collectively, these 221 studies highlight the role of the liver ECM in the regulation of glucose homeostasis. 
Mechanisms of High Fat Diet-induced ECM Remodeling in Adipose Tissue
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The adipose tissue responds dynamically to nutrient excess through adipocyte hypertrophy and 289 hyperplasia [69]. This is followed by increased production of pro-inflammatory adipokines, 290 immune cell infiltration and ECM remodeling. Excessive collagen deposition has been observed 291 in the adipose tissue of various models of overnutrition [13, 70, 71] . Collagen VI is a highly 292 enriched ECM protein in adipose tissue and its expression is increased in obese humans [70] . Thrombospondin 1 (THBS1) is a large adhesive ECM glycoprotein expressed predominantly in 319 visceral adipose tissue and its expression is elevated in insulin-resistant, obese humans [19] . In 320 mice, HF feeding acutely induces adipose tissue Thbs1 expression and increases circulating 321 THBS1 levels [14] . Genetic deletion of Thbs1 in mice protects against HFD induced adipose tissue 322 inflammation and insulin resistance [14] . Circulating THBS1 may also induce fibrosis in skeletal 323 muscle and induce insulin resistance [14] . This is evident as Thbs1-null skeletal muscle are 324 protected from HFD-induced collagen deposition and insulin resistance. Moreover, expression of 325 the pro-inflammatory ECM glycoprotein, tenacin C, is also upregulated in the adipose tissue of 326 obese mice and humans [77] and may contribute to insulin resistance.
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The composition of ECM reflects a balance between matrix synthesis and degradation. Adipose 
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In the HF-fed state, capillary density and endothelial function are impaired. This results in 617 decreased potential for glucose and insulin transport into the interstitial space despite 618 hyperglycemia and hyperinsulinemia. Moreover, increased ECM deposition in the interstitial 619 space also provides a physical barrier to glucose and insulin transport to the myocyte. Insulin 620 signaling within the myocyte is impaired and this may be attributed to increased integrin α2β1 621 signaling as a consequence of increased deposition of the ECM. This results in impaired Glut4 622 translocation and decreased glucose transport into the myocyte. In contrast, the genetic deletion of 623 the integrin α2 subunit results in improved insulin-stimulated muscle glucose uptake. In the HF-fed state, sinusoidal capillarization occurs and this, in addition to increased ECM 627 buildup in the space of Disse, results in decreased insulin transport to the hepatocyte despite 628 hyperinsulinemia. Protein expression of the integrin α1 subunit is increased and this leads to 629 increased α1β1 cell signaling. Upon insulin stimulation, the combination of both insulin and 630 integrin α1β1 signaling results in some insulin signaling and the partial suppression of hepatic 631 glucose output. In contrast, the genetic deletion of the integrin α1 subunit results in severe hepatic 632 insulin resistance and no insulin-mediated suppression of hepatic glucose output. This is attributed 633 to decreased insulin signaling. It is possible that this effect is mediated by integrin α5β1, the only 634 other known integrin expressed on the hepatocyte, however this is currently unknown. Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that localizes with integrin receptors
